INTRODUCTION {#S1}
============

Ataxia-telangiectasia (A-T) is an autosomal recessive disorder classically characterized by progressive cerebellar dysfunction, immunodeficiency, oculocutaneous telangiectasias, and increased risk of malignancy, particularly of lymphoid origin.^[@R1]^ Laboratory abnormalities include elevated alpha-fetoprotein, chromosomal instability, and radiosensitivity. Neurological symptoms (i.e., gait and truncal ataxia, oculomotor apraxia, and choreoathetosis) typically present between age 1 and 4. By age 10, most children are wheelchair bound.^[@R2]^ Telangiectasias are usually evident by age 6.^[@R2]^ Rarely, in young children, malignancy may be the presenting feature of the disorder.^[@R1],\ [@R3]^

In 1995, the gene responsible for A-T, *ATM* (ataxia telangiectasia mutated), was identified.^[@R4]^ Subsequently, it became evident that phenotypic spectrum of A-T included atypical and adult-onset forms of the disorder.^[@R5]^ However, to our knowledge, lymphoid malignancy has not been reported as the initial recognized finding of A-T in late childhood or adulthood. We report a case of A-T in a 17-year-old boy with only mild neurological findings, T-cell acute lymphoblastic leukemia (T-ALL), and a novel *ATM* mutation.

CLINICAL REPORT {#S2}
===============

The patient initially came to the attention of Pediatric Oncology after presenting to the Pediatric Emergency Department at age 17 years for a 2 week history of cough and an 8 day history of bilateral facial swelling. He had been prescribed a course of amoxicillin for a presumed dental infection with no response. At the time, the patient's reported medical history was otherwise notable for some learning disability and slurred speech.

In the Emergency Department, the patient was tachycardic with a heart rate of 118 bpm. His vital signs were otherwise normal. The patient's physical examination was notable for significant bilateral facial edema with submandibular lymphadenopathy and poor dentition. Decreased breath sounds in the lower two thirds of the right lung with coarse breath sounds at the apex were also appreciated. A chest radiograph demonstrated a large right-sided pleural effusion, a right mid lung airspace opacity, and a left-sided tracheal deviation. A subsequent CT scan of the neck and chest revealed a large right anterior mediastinal mass with complete occlusion of the superior vena cava and narrowing of the right mainsteam bronchus, a large right pleural effusion with compressive atelectasis of the right lung, and multiple regions of lymphadenopathy. Initial white blood cell count was 177.11 × 10(3)/µl. A bone aspiration and biopsy was performed to confirm the presumed diagnosis of T-ALL.

While reviewing the electronic medical record, Pediatric Oncology noted that the patient had previously been evaluated by the Clinical Genetics service at age 14 years for a history of learning disability, dysarthria, and mild motor delays. He rolled over at 7 months, sat without support at 12 months, and walked at 14 months. No gait difficulties were ever appreciated. The patient's verbal milestones were initially on target but, at about age 3 years, some difficulties with speech were noted by his family. In addition, at the age of 9 years, the patient had failed a year in school, reportedly due to difficulties with reading. At the age of 17, he was in a special education high school class with 10 other students. The patient's genetic evaluation at age 14 included a peripheral blood karyotype and a SNP microarray. Cytogenetic testing demonstrated rearrangements involving chromosomes 7, 14, or 7 and 14 in approximately 27% of the cells raising suspicion for a possible chromosome breakage disorder such as A-T or Nijmegen Breakage Syndrome (which is caused by autosomal recessive mutations in *NBN*). The microarray revealed several regions of homozygosity, including one overlying the *ATM* gene on chromosome 11. No apparent deletion or long contiguous stretch of homozygosity was appreciated over the *NBN* gene. After this initial evaluation by Clinical Genetics, the patient was lost to follow up until his presentation to the Pediatric Emergency Department.

A focused history and examination performed during the patient's second assessment by Clinical Genetics was notable for a lack of findings typically associated with A-T. Aside from slurred speech and some learning disability, the neurologic features of the syndrome (i.e., gait and truncal ataxia, oculomotor apraxia, choreoathetosis) were absent. In addition, a history of recurrent infections was denied. No cutaneous telangiectasias were appreciated. A dilated fundus examination was also performed and no ocular telangiectasias reported. However, a chromosome breakage disorder, most likely A-T, was strongly suspected based on the patient's prior karyotype and microarray results. Rapid molecular testing was obtained to confirm the diagnosis as radiation and certain chemotherapy regimens are contraindicated with chromosome breakage disorders. Given the patient's atypical presentation, expedited whole exome sequencing, rather than targeted gene testing, was pursued. An elevated alpha-fetoprotein (AFP) measurement (117.9 ng/mL, normal range 0.6 -- 3.9 ng/mL), was also obtained.

MATERIALS AND METHODS {#S3}
=====================

Sequencing and Analysis {#S4}
-----------------------

A 3 week expedited whole exome sequencing and analysis protocol was performed utilizing DNA extracted from the patient and his mother as previously described.^[@R6],\ [@R7]^ Research findings were confirmed by Sanger sequencing in a CLIA certified laboratory.

EBV-Transformed Lymphoblast Cell Lines {#S5}
--------------------------------------

Peripheral blood samples were obtained with informed consent and under the supervision of the local institutional review board committee. Mononuclear cells were collected by density centrifugation with Ficoll (GE Healthcare), and B lymphocytes were transformed with the Epstein-Barr virus (EBV) following standard protocols. Briefly, mononuclear cells from the peripheral blood were suspended in EBV containing B95-8 conditional media for 2 weeks with the addition of RPMI (+10%FBS) media as needed. The outgrowing EBV-immortalized B cells were verified by flow cytometry analyses and sequenced for patient derived *ATM* mutations.^[@R8]^ Two independent peripheral blood samples were collected after the successful induction therapy.

Western Blot {#S6}
------------

Western blotting was performed to assess ATM kinase expression and activity in irradiated EBV-transformed lymphoblast cell lines. Cells were treated with 10Gy IR then harvested in a lysis buffer containing 50mM Tris.HCl (pH 7.3), 137mM NaCl, 1mM NaF, 1mM NaVO4, 10% glycerol, 1% Triton X-100, 0.2% Sarkosyl, protease inhibitor cocktail (Sigma P8340), 1mM PMSF, and 6.25U/ul Benzonase (EMD Millipore 71205). Cells were incubated in this lysis buffer for 1hr on ice, then spun down at 4°C for 15 min at 13,600 ×g. Supernatants were transferred to a fresh tube, assessed for protein concentration using the Bio-Rad Protein Assay (Bio-Rad 500-0006), and analyzed by gel electrophoresis. Antibodies against phosphorylated Kap1 (Bethyl A300-767A), total Kap1 (Cell signaling 4124S), vinculin (Sigma V284), and total ATM (Sigma A1106) were used at 1:1000 dilution.

RESULTS {#S7}
=======

Whole exome sequencing identified a homozygous variant of unknown significance in the patient in the *ATM* gene (c.5585T \>A; p.Leu1862His). This previously unreported missense variant was not present in over 3,092 internal control individuals from the Columbia University Institute of Genomic Medicine or in two external databases of approximately 67,200 control individuals \[National Heart, Lung, and Blood Institute Exome Sequencing Project (March 2013 release) ([esp.gs.washington.edu](http://esp.gs.washington.edu)) and the Exome Aggregation Consortium (January 2015 release) ([exac.broadinstitute.org](http://exac.broadinstitute.org))\]. The missense variant in *ATM* was predicted to be deleterious (score −5.67) by Provean ([provean.jcvi.org](http://provean.jcvi.org)), damaging (score 0.000) by SIFT ([sift.jcvi.org](http://sift.jcvi.org)), and disease causing (probability 0.9988) by Mutation Taster ([mutationtaster.org](http://mutationtaster.org)).

The patient cells showed severe decreased expression of the ATM protein at the expected size (\<5% of wild type protein level) and abolished ATM kinase activity as measured by irradiation induced phosphorylation of Kap1, a relatively specific substrate of ATM ([Figure 1B](#F1){ref-type="fig"}).^[@R9]^ This same phenotype was replicated in two independently derived EBV-transformed lymphoblast cell lines from the same patient (ATCU1\#1 and \#2) ([Figure 1A](#F1){ref-type="fig"}).

DISCUSSION {#S8}
==========

Classically ataxia-telangiectasia (A-T) is characterized by cerebellar dysfunction, immunodeficiency, telangiectasias, and an increased risk for malignancy, especially leukemia and lymphoma. Although lymphoid malignancy may be the initial presenting feature of A-T, this has primarily been described in small children.^[@R1],\ [@R3]^ We report a 17-year-old boy diagnosed with A-T in the setting of T-cell acute lymphoblastic leukemia (T-ALL). The patient's presentation was atypical and A-T was only suspected after a prior karyotype demonstrating chromosomal instability was reviewed. A cautious clinical diagnosis was made primarily based on the patient's laboratory findings (cytogenetic testing, elevated AFP) and his newly diagnosed malignancy.

*ATM* encodes a serine/threonine protein kinase involved in the cellular response to DNA double strand breaks. Targets for ATM catalytic activity include proteins involved in cell-cycle checkpoint arrest (i.e., Chk1 and Chk2), DNA repair (i.e., BRCA1 and RAD51), apoptosis (i.e., p53), and chromatin relaxation (i.e., KAP1).^[@R10]^ Both heterozygous and homozygous hereditary mutations in *ATM* result in an increased risk for cancer due to impaired DNA damage repair and genomic instability. Leukemia and lymphoma are the most common cancers reported in individuals with A-T, however breast, thyroid, pancreatic, and other neoplasms have also been observed. Systemic genetic analyses of T-ALL in A-T patients are not yet available. Genomic analyses of ATM deficient murine immature T cell lymphomas reveal frequent activating mutations in *Notch1* (\~50%), deletion of *PTEN* (\~25%), and mutation in *FBW7* and *RUNX1*, which share significant similarity with sporadic T-ALL from human patients.^[@R11],\ [@R12]^

The classic and severe forms of A-T are attributed to homozygous or compound heterozygous truncating mutations that result in no detectable levels of the ATM. Milder, late onset, or atypical forms of the syndrome appear to be secondary to missense or leaky splice site mutations that allow for some residual activity of the kinase.^[@R13]^ Over 470 mutations in *ATM* have been reported in individuals with A-T.^[@R14]^ While there are no identifiable hotspots for truncating mutations and most mutations are private, cancer associated missense mutations (mostly somatic) of ATM have been found to cluster around the C-terminal kinase domain.^[@R15]^ Molecular testing in our patient identified a novel homozygous missense mutation in the *ATM* gene (c.5585T\>A; p.Leu1862His) in the N terminal domain of the protein. Western blot analyses of the patient's lymphoblastic cell lines revealed severely reduced protein level and kinase activity. A western blot performed on EBV-transformed lymphoblast derived cells demonstrated reduced ATM protein stability with \<5% of wild type levels of protein detected. In addition, upon irradiation, ATM mediated phosphorylation of Kap1 was absence. These laboratory findings confirmed the clinical diagnosis of A-T. The N-terminal region of ATM contains many alpha-helical HEAT repeats (helix-turn-helix motifs). Crystal structural of the highly related DNA-dependent protein kinase (DNA-PK) suggests that the N-terminal HEAT domains facilitate the bending and are essential for the C-shape of the protein.^[@R16]^ In fact the majority A-T associated missense mutation of ATM severely reduce ATM protein stability. Expression of kinase inactivated ATM protein has been found to be incompatible for embryonic development using mouse models.^[@R15]^

Importantly, A-T was initially suspected in our patient because a karyotype had been previously performed on peripheral blood lymphocytes. The chromosome 7 and 14 rearrangements typical of chromosomal breakage disorders (e.g. A-T) are only appreciated when a T cell mitogen, such as phytohemagglutinin, is used to stimulate T cell division. When a karyotype is performed on total bone marrow, mitogen stimulation is not required, as the myeloid progenitors in bone marrow, but not necessarily the T cells, are actively dividing. Therefore routine cytogenetic analysis of bone marrow may miss the characteristic chromosomal rearrangements of A-T and a high index of suspicion is necessary to make the diagnosis of atypical cases with malignancy. Our experience suggests that evaluation for A-T should be considered in any individual with a lymphoid malignancy and neurologic dysfunction or other features of A-T. This recommendation includes older children and adults and those with mild or atypical findings. It is especially important to identify individuals with the A-T prior to the initiation of treatment for cancer is vital as radiation and certain chemotherapy regimens may be fatal and/or contraindicated.
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A). Genomic sequencing of patient derived lymphoblastic cell lines verified the homozygous *ATM* c.5585 T\>5 (p.Leu1862His) mutation. The control (Ctrl) is an EBV transformed lymphoblast cell line from a health donor. A color version of this figure is available online.\
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